Abstract-To evaluate 4G cellular systems, a system-level simulation (SLS) with the ITU-R channel model is often used. For the evaluation of the next generation communication systems, a SLS including a device-to-device (D2D) system is needed. However, as the number of multi-paths in a D2D link is squared compared to the link between a base station and a mobile station, the simulation run-time has to increase greatly. In this paper, we propose the ITU-R channel model extension to the D2D channel and the Doppler response-based fast fading channel generation as a realization method for the D2D channel. The proposed method can significantly reduce the simulation run-time.
I. INTRODUCTION
R ECENTLY, International Telecommunication Union Radiocommunication Sector (ITU-R) evaluated and acknowledged several candidate radio interface technologies (RIT) as International Mobile Telecommunications-Advanced (IMT-A) systems based on the RIT's system performance. Evaluation results based on the simulation have shown that the candidate RIT's performances exceed the performance requirements for the IMT-A defined in [1] . Most of the system performances are evaluated by a system-level simulation (SLS) according to the evaluation methodologies defined in [2] for various scenarios, and [2] has become the de-facto standard of the wireless channel model for the system-level simulation. Usually, a long run-time Monte Carlo simulation is required, and the long simulation run-time is mainly due to the fast fading channel generation in a simulation run. Currently, the nextgeneration cellular system standardization is under discussion, and device-to-device (D2D) systems have come into spotlights as a strong candidate technology for future wireless communication systems. Considering the SLS with D2D channels, as the number of multi-paths in a D2D channel is squared, the computational load significantly increases.
There have been several efforts to reduce the simulation run-time in a SLS. An analytical evaluation method is proposed in [3] , but it is only verified in a particular channel model. The generalization of the analytical evaluation method to other channel models is non-trivial. The proportional fair fast scheduling algorithm is proposed in [4] , and it can reduce simulation run-times since it does not use the fast fading channel. However, it cannot evaluate many technologies. This includes general scheduling schemes and channel estimation algorithms. For an efficient fast fading channel generation, separation between the time-varying part and non-time-varying part of channel coefficients are proposed in [5] . It can reduce the simulation run-time and memory consumption, but it is limited to the computations of channel coefficients. For the fast fading channel generation, Fourier transform filtering of the channel coefficients is necessary, which requires a significant computational load. Furthermore, as the computational load of the channel coefficients generation and Fourier transform is proportional to the number of multi-paths, its reduction of the computational load is not enough for the D2D channel simulation in a SLS. The Doppler spectrum sampling method is proposed in [6] , but it is limited to a simple Rayleigh channel model. We propose a fast fading channel generation method based on Doppler frequency response. We apply the proposed method to the ITU-R channel model and extend it to the D2D channel model. In this paper, Doppler frequency responses are used as channel coefficients. The proposed channel coefficients do not change with time, which is why simulation run-times for the generations of channel coefficients are reduced. In addition, we use the inverse fast Fourier transform (IFFT) algorithm so that the simulation run-time is significantly reduced. Although there are sampling errors from the IFFT, it largely maintains the statistical characteristics of fast fading channels. Therefore, there are sampling error tradeoffs from the computation load.
The rest of the paper is organized as follows. In Section II, we explain preliminaries about the ITU-R channel model and its extension to the D2D channel. In Section III, we introduce the proposed fast fading channel generation method based on Doppler frequency response. In Section IV, the experiment results are shown and analyzed. In Section V, we draw our conclusions.
II. PRELIMINARIES

A. ITU-R Channel Model
Wireless channels can be modeled by functions of time, frequency, and space. In the ITU-R channel model, locations of mobile stations (MSs) do not change during a simulation run. Therefore, the channel response can be divided by a static part and a time-and-frequency-varying fast fading channel part, and it can be represented by where t, f , and r are time, frequency and location, respectively.
H(t, f, r) is defined as the channel response, and G(r)
is the static gain that is determined only by location with the consideration of path-loss and shadowing. H(t, f ) represents the fast fading channel which changes with time and frequency. Since the computational load for the static gain generation is negligible when compared to the fast fading channel generation, only fast fading channel generations are discussed in this paper.
In [2] , the fast fading channel is computed by the Fourier transform of the time-varying impulse response, and it is given by
where n is the multi-path index, N is the number of multipaths, and τ n is the delay of the n-th multi-path. δ(·) is Diracdelta function, and h n (t) is defined as the channel coefficient. A channel coefficient is divided again by a time-varying part and a non-time-varying part, and it can be represented by
where m, M , and v n,m are the ray index, number of rays, and Doppler frequency, respectively. α n,m is the correlated antenna element which is the non-time-varying part of the channel coefficient, and it is given by
where
Parameters in (4) and (5) 
B. ITU-R Channel Model Extension to D2D Channel
The ITU-R channel model assumes only the link between the BS and MS (BSNMS) channel, but it can be extended to incorporate the D2D channel. Fig. 1 shows the differences between the BSNMS channel model and the D2D channel model. The D2D channel model has two big differences compared to a BSNMS channel model. First, as both the transmitter and receiver simultaneously move, the Doppler effects are in both sides. The second difference is for the scattering environment. In cellular communications, BSs are located high and scattering only occurs around MSs, whereas in D2D communications, scattering occurs at both sides. The double ring model is proposed in [7] to simulate the D2D scattering environment where the number of multi-paths is shown to be squared, and therefore, the computational load of the fast fading generation has to significantly increase.
For the D2D simulation, we extend the ITU-R channel model to the D2D channel model considering those two differences. Considering the scattering in both sides, the time-varying impulse response can be represented by
where N 1 and N 2 are the number of scatters around both MSs, and n 1 and n 2 are the indices of the scatters. τ n 1 ,n 2 is the delay of the path along the n 1 -th and n 2 -th scatters. The Doppler effect in both sides affects the channel coefficient of the D2D channel by
where v n 1 ,n 2 ,m = v n 1 ,m + v n 2 ,m . The non-time-varying part of the channel coefficient becomes
where 
III. THE DOPPLER RESPONSE-BASED FAST FADING CHANNEL GENERATION METHOD
As the time-varying impulse response is used in the ITU-R channel generation, both the channel coefficients and Fourier transforms are updated per time index. We propose to use the Doppler-varying transfer function instead, and the fast fading channel is generated by its inverse Fourier transform. Fig. 2 shows the relationship between the Doppler-varying transfer function and the other deterministic channel functions, where all four functions are equivalent. Therefore, the channel coefficients and Fourier transforms can also be updated per frequency index. As the number of frequency samples is much smaller than the number of time samples in a typical SLS, the computational load of channel coefficient generations can be significantly reduced by only using frequency indices.
The Doppler-varying transfer function of the ITU-R channel is given by
where D n,m (f ) can be divided into the Doppler-varying and non-Doppler-varying parts. Then, it can be represented by
To reduce the computational load, the IFFT algorithm is used, and its uniform sampling is necessary. The uniformly sampled Doppler-varying channel coefficient is given by
and Δv is the interval of the Doppler frequency samples. In the D2D channel, (11), (12), and (13) are represented by
respectively. Then, the uniformly sampled fast fading channel coefficient is given by
and Δt is the interval of time samples, and it is equivalent to the coherence time. IFFT size K has to meet the condition of
As Δt and Δv become larger, computational load can become lower. As Δv becomes smaller, the sampling error can become lower. Δt is inversely proportional to the maximum Doppler frequency. K has to be 2 m , where m is an integer. To use the FFT algorithm in the conventional channel generation method, the coherence frequency and interval of delay samples are used instead of Δt and Δv. However, it is inefficient because the number of frequency samples is small and the interval of delay samples should be even smaller. Therefore, the computational load of the proposed method is lower than the conventional method from the perspective of the Fourier transform and channel coefficient generations. Table I shows the computational loads of the conventional and proposed method. T is the number of time samples, F is the number of frequency samples. The required computations of the discrete time Fourier transform is F · N (in case of the D2D channel, F · N 1 · N 2 ), whereas it is K · log(K) for the IFFT. The channel coefficients of the conventional method are updated per coherence time, and the channel coefficients of the proposed method are updated per coherence frequency. Every time they are updated, their channel responses should be updated with Fourier transform. As the number of time samples is generally much larger than the number of frequency samples, the computational load of the proposed method is lower than the conventional method. Furthermore, the computational load of the IFFT is independent from the number of multi-paths, and the reduction of the computation load is much more significant for the D2D channel case.
IV. EXPERIMENT RESULTS
We compare the conventional and proposed generation method in the same environments. Fig. 3 shows the results of the fast fading channels, where the solid line represents the fast fading channel gain of the conventional method, and the dotted line represents the proposed method. They are very similar, but the frequencies are slightly different. The difference is due to the uniform sampling of Doppler frequency response for IFFT. Although the phase errors can be accumulated as time goes, the statistical characteristics of the fast fading channel is preserved. We implement channel simulators for the SLS and compare the computational loads of both generation methods. The simulation results are verified in [8] . In the BSNMS channel simulation, 57 BSs are dropped at 19 designated sites of the hexagonal grid. Each cell is divided by a 120-degree antenna sector. Next, 570 MSs are uniformly dropped. As the wraparound configuration is used, there is no edge of distribution. Each MS searches BSs with the three largest static gains, fast fading channels between them are generated, and then there are 1710 fast fading channels links. In the D2D channel simulation, 3420 MSs are uniformly dropped in the same map to have 1710 D2D links. In both simulations, the simulation environments follow the URBAN MACRO scenario in [2] and the line of sight does not exist to maintain the number of multi-paths. Tables II and III show the computational loads. The coherence time and IFFT size are set to 1 ms and 1024, respectively. The coherence frequencies are set to 10 kHz and 100 kHz in both simulations. The interval of the Doppler frequency samples (Δv) can be computed by (18), and it is about 0.9775 Hz. Then, the maximum sampling error of the Doppler frequencies (Δv/2) is about 0.4888 Hz. Since phase errors are accumu- lated, two fading channels in Fig. 3 seem a little bit different, but the Doppler frequency errors are insignificant and the statistical characteristics of the fast fading channel are preserved. As a result, the proposed method requires a much smaller computational load when compared to the conventional method. The proposed method significantly outperforms the conventional method especially in the D2D channel simulation.
V. CONCLUSION
In this paper, the ITU-R channel model extension to the D2D channel and the Doppler response-based fast fading channel generation method are proposed. The proposed method is very efficient when the number of multi-paths is large and a lot of time samples of fast fading channels are needed. As D2D channels have a large number of multi-paths, the proposed method is very suitable. D2D communication is a strong candidate technology of the next generation communication systems, so the proposed simulation method is needed in the near feature.
